A technique for computing the electromagnetic (EM) radiation and scattering from three-dimensional (3D) conducting bodies of general shape is presented. The arbitrary surface is described by dividing it into a number of connected patches which are mathematically described as parametric quadratic surfaces. The electric eld integral equation (EFIE) is discretized by the standard method of moments (MOM) with specially designed basis functions for subdomains which now contain surface curvature. The use of the basis functions on curvilinear patch reduces the number of unknowns used in MOM.
Introduction
Practical electromagnetic problems are often three-dimensional and involve arbitrary geometry. The scattering by arbitrary shaped conductors can be converted to nding the solution of an integral equation where the unknown function is the induced current distribution. The integral equation is discretized by the method of moments (MOM). There are three approaches to treat the geometry. The rst approach is to approximate the geometry with thin-wire grids. Richmond 1] was the rst to demonstrate the usefulness of this approach. The wire-grid model has been remarkably successful in those requiring the prediction of far-eld quantities such as radiation patterns and radar cross section (RCS). However, this approach is not well suited for calculating near eld and surface quantities such as surface current and input impedance. The second approach is to simulate the physical structure with at surface patches. Several approaches to at surface patch model have been reported in the literature, such as rectangular patches [2] [3] [4] , triangular patches [5] [6] , and polygonal patches [7] [8] . The at surface patch model has been used to describe many simple and complicated objects, but it still creates unnecessary manmade discretization errors in the solution. Such errors become larger in the near eld calculations. To obtain more accurate solution, more at surface patches are needed.
The third approach to describe the arbitrary shape is to approximate the geometry with curved surface patches. Recently, many researchers have investigated the use of curved patches 9-15]. Knepp and Goldhirsh 9] divided an arbitrary surface into nonplanar quadrilateral patches and employed the magnetic eld integral equation (MFIE) to solve the electromagnetic scattering problem with two pulse basis functions in each patch. Sancer, McClary, and Glover 10] solved MFIE and electric eld integral equation (EFIE) using curvilinear patches with point matching and two pulse basis functions in each patch. Wilkes and Cha 11] extended the at triangular patch moment method solution developed by Rao, Wilton, and Glisson 6 ] to the curved triangular patch. Wandzura 12] proposed a general and higher order current basis function for the curved triangular patch. Valle, Rivas, and C atedra 13] recently solved EFIE by combining the moment method with geometrical modeling by NURBS surfaces and B ezier patches. One \roof-top" basis function is used at each pair of connected patches. More recently, Antilla and Alexopoulos 14] calculated the EM scattering from 3D geometries using a curvilinear hybrid nite-elementintegral equation approach.
In this paper, a technique for computing the electromagnetic radiation and scattering from three dimensional conducting bodies with arbitrary shape is presented. The arbitrary surface is described by dividing it into a number of connected patches. Each is mathematically described as a parametric quadratic surface with fourth order polynomials (second order in each of two parameters). Thus, nine points on each patch must be well-known with respect to the origin of a known coordinate system. The electric eld integral equation is discretized by standard MOM technique with specially designed basis functions for subdomains which now contain surface curvature. The basis functions are a generalization of \roof-top" functions 4]. The basis functions in 13] have a constant charge density in real space, and are expressed as an integral. Our basis functions have a constant charge density in parametric space, no line charge accumulation on each point of the common edge of adjacent cells, and are expressed in explicit form. The patch with larger electrical size is partitioned into a number of cells. Each pair of adjacent cells comprises one basis function. Also, patches which have a common edge are identi ed, and additional basis functions are required to allow a nonzero continuous current at patch-to-patch junctions. We use a number of basis functions on each patch and at the junctions of connected patches instead of one basis function in each pair of connected patches because the model is frequency independent, the number of basis functions but not the number of patches should increase as the frequency is increased.
Parametric Quadratic Surface Description
An arbitrary surface with curvature can generally be represented using two parameters: u 1 and u 2 . The surface is then described by the equation r(u 1 ; u 2 ). A di erential tangent vector is given by dr = @r @u 1 du 1 + @r @u 2 du 2 :
Any vector tangential to the surface can be written as a linear combination of @r @u 1 and @r @u 2 . Generally, the surface is composed of curvilinear patches. These patches are smoothly connected to each other at common boundaries. In this research, r(u 1 ; u 2 ) is a secondorder polynomial in u 1 and u 2 . Thus, nine points on each patch should be known with respect to the origin of a known coordinate system as shown in Figure 1 . The locations of these nine points are then used to numerically generate the entire surface. The vector from the origin to the surface of the p-th patch may be written as The distance between two nearby points parameterized by (u 1 ; u 2 ) and (u 1 + du 1 ; u 2 + du 2 ) is given by
where g ij = @r @u i @r @u j (5) is known as the metric tensor. In di erential geometry, it is often called the rst principal form. 
The gradient of a scalar function on the surface, and the surface divergence of a vector function are given by
and
respectively, where
MOM Solutions and Basis Functions
For conducting objects, the EFIE is given by 
for r on surface S, where b t is any unit tangent vector on S, E i is an impressed eld which excites the system, and it is isolated in an impressed eld region, or an incident plane wave, and R = jr ? r 0 j.
The EFIE for the unknown electric current on the conducting surface induced by an incident wave is discretized using the method of moments (MOM) technique. The unknown current J(r) is rst expanded in an appropriately chosen set of basis functions fj n g J(r) = N X n=1 a n j n (r); (14) where a n are the unknown expansion coe cients. The EFIE for J(r) is discretized by substituting the above expansion in terms of unknowns a n . Then, rather than forcing the EFIE to be satis ed for r on surface S, it is multiplied by a set of N testing functions ft m g and the inner products are taken:
A mn a n = F m ; m = 1; 2; ; N (15) (19) along the @r @u 2 direction. Here T u is a triangular function which has the maximum value 1 on the common edge of the adjacent cells, and P u is a pulse function.
Using Equations (11) and (18) 
which is a constant in parametric space ( dS du 1 du 2 ). In real space, the charge density in the region with larger p g(u 1 ; u 2 ) is less than that in the region with lesser p g(u 1 ; u 2 ). This is in contrast to reference 13], where the basis functions are expressed in integral form, and have a constant charge density in the real space.
Next, we will nd the normal component of the basis functions across the common edge (u 1 = u 1m ). Referring to Figure 2( 
The current density across the edge per unit parameter is independent of the geometry, because the denominator is just the di erential length along this edge. Thus, there is no line charge accumulation on the common edge for the basis functions. The basis functions for each surface patch are called surface modes. When two patches are connected, the additional basis functions called overlap modes 16] are required to allow a nonzero continuous current at patch-to-patch junctions. They are identical to the surface modes, except that each overlap mode belongs to two patches. Figure 2 (a) shows two overlap modes at the junction of two patches. These overlap modes enforce the continuity of the normal component of current at the patch-to-patch junctions, and have a constant charge density in the parametric space.
Two kinds of testing functions are used. First, the testing functions are identical to the basis functions. This leads to a Galerkin's method. Second, we choose the testing functions as a constant along the line from the center of a cell to the center of an adjacent cell. We call it the \line matching" method. It is found that the line matching method has the same accuracy as the Galerkin's method. The numerical results presented in the next section are obtained using line matching method.
Once the basis and testing functions are found, the matrix elements A mn in Equation (16) can be calculated. These double surface integrals in (16) are evaluated by three different ways depending on the distance between the basis function and the testing function. The rst way is to numerically evaluate the surface integrals in the non-nearby terms using one to four point integration. The second way is to calculate the surface integrals in the nearby terms by Gaussian integration with more points. In the third way, the surface integrals in the self impedance terms are evaluated specially, since the Green's function contains an integrable singularity at jr ? r 0 j. The procedure used to treat these singularities is to add and subtract a singular term from the integrals which can be integrated analytically and also renders the integrals well behaved so that standard numerical integration methods can be applied. The scalar potential integral can be written as 
Numerical Results
Numerical implementations are veri ed by comparing the results with some known ones in published papers for a conducting plate with di erent shapes. Figure 3 shows the computed current distribution on a circular disk illuminated by a normally incident plane wave. The component J is shown along a diameter cut oriented perpendicular to the incident electric eld vector. The disk is modeled by one curvilinear patch with eight points on the circle, and one point on the center. Also shown for comparison are the quasistatic solution valid at low frequencies 17], and the numerical solution by 56 triangular patches 6]. The agreement in Figure 3 is good.
The bistatic RCS in the H-plane for a conducting sphere with ka = 0:5 is shown in Figure 4 . The sphere is modeled by six curvilinear patches with 48 unknowns. Also shown in the gure are the Mie series, the solution by 48 at triangular patches with 72 unknowns, and by 40 B ezier patches with 76 unknowns 13]. It is seen that our results agree with the Mie series very well. Figure 5 shows the RCS of the 14 inch long NASA almond at 2 GHz in the xy plane with = 90 o . The almond is modeled by 13 curvilinear patches with 512 unknowns. 7 unknowns per wavelength are used. The results are compared to numerical results using at polygonal patches with 655 piecewise sinusoidal basis functions and experimental measurements by Newman 16] . Sancer et al. 10 ] discussed the numerical breakdown of the EFIE at low frequencies. The breakdown is also present in the at triangular patch code 18]. The RCS of a conducting sphere with one inch radius at di erent frequencies is shown in Table 1 . It is found that the breakdown of our code is at 0.001 GHz (ka = 0:00053). It is lower than those by the at triangular patch code (0.02 GHz, ka = 0:01), and by curvilinear patch code with pulse basis functions (0.5 GHz, ka = 0:27). The \roof-top" basis functions on the curvilinear patch give us a better result. Recently, Lim, Rao, and Wilton 19] de ned a new pair of basis functions for at triangular patch. These basis functions decompose the surface current density into divergence-less and curl-free parts which essentially decouple at the very low end of the frequency spectrum.
Conclusions
We have presented a technique for computing the electromagnetic radiation and scattering from 3D conducting bodies of arbitrary shape. The electric eld integral equation is discretized by MOM with specially designed basis functions for subdomains which now contain surface curvature. The designed \roof-top" basis functions have a constant charge 
